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Dual-Band Full-Duplex Tx/Rx Antennas for
Vehicular Communications

Chun-Xu Mag Seven Gao, Senior MemhdEEE, Yi Wang, Senior MemberlEEE

literature
Abstract— This paper proposes a novel, highly integrated and
full-duplex antenna/array for intelligent transport systems (ITS) ((( )n %dow“nnk
applications. Different from traditional single-port antennas, this
[genré antenna has two highly isolated ports with different % uplink \/Commented [YW1]:
operation bands (channels)It supports the full-duplex operation % é‘ h

mode fulfilling uplink and downlink simultaneously. The other

contribution of this work is that the antenna combines several

functions, such as filtering duplexing and radiating, into one

single component, forming a multifunctional device This high- RSU
integration design approach leads to the removal of the
traditionally separated filters, duplexers and the interfaces
between them, resulting in a compact RF frontend with reduced @

size, weight and complexity. These properties could also reduce

the potential cost of the ITS. low-cost microstrip antenna is 7 Tx/Rx

employed in this design and the two operation bands are
achieved by appropriately arranging the locations and couplings
among the resonators. To improve the channel isolation and
suppress outef-band interference, cross-coupling is introduced
to generate transmission nulls. To verify the concept, one antenna

element and two 2 x 2 arrays at C-band are designed, proygted
and tested. All the measurements agree well with the simulations:
showing two full-duplex channels of 4.58 - 4.83 GHz and& -
6.2 GHz for transmitting and receiving, respectively. The
proposed antennas also show excellent performance in terms of
channel isolations, frequency selectivity, oudf-band rejections,
radiation patterns and gains.

' Fig. 1. Two vehicular communlcatlon scenarios: (ajaleHo-infrastructure
communication, (b) vehicles-vehicle communication.

Since the RF frontends will support the transmission and
reception of the signals between vehicles and the requirements
of the vehicular-based communications are usually different
Index Terms— Antenna, antenna array, duplexing filtering, ~ from the traditional wireless communications, it is worthwhile
highly integrated, low cost, vehicular communications. to pay more attention to the research on the vehicular-based
RF frontends [13].
The vehicular communication can be classified into tw
I. INTRODUCTION application scenarios: vehicte-infrastructure communication
I NTELLIGENT Transportation Systems (ITS) will significantly and vehicleto-vehicle communication, as shown in Fig. 1. For
influence our future da||y life as they emerge to provid@qe vehicleto-infrastructure communication, as shown in Fig.
numerous applications relatew traffic safety and traffic 1(a), the transceiver on-board exchanges information with a

efficiency. Vehicular communication plays an important rolgoadside unit (RSU), which is a part of the infrastructure. The | commented [Yw2]: ?

in the realization of these applications as it enables the diré@plications of this kind include: intersection collision
information exchange between vehicles. In the past deca#érning, emergency vehicle warning, wrong way driving
lots of effort have been put into the research on tharning, traffic condition warning and signal violation
applications, architectures, protocols and channel models Warning, etc [2]. In ITSinformation can also be exchanged or
vehicular communications [1]tp]. However, very little work shared between vehicles, as shown in Fig. 1(b). This real-time
focusing on the radio frequency (RF) frontends of theommunication can effectively reduce the driving risk by
vehicular communication has been reported in the op@foviding the warnings such as intersection collision,
overtaking collision, head on collision and rear end collision.

Manuscript submitted on Februay, 2017; This work is supported by BO'[.h‘ scenarios .r.eqUIre the RF frontends of th.e communicagen
UK EPSRC grant EP/N032497/1 and YW is supported by UK EPSReruncehtities to facilitate the full-duplex operation where the
Contract EP/M013529/1 transmission and reception can be processed simultaneously.

C. X. Mao and S. Gao are with School of Engineering Bigital Arts,  The RF frontends (the antennas in particular) are also
University of Kent, UK (cm688@kent.ac.uk). . . .

Y. Wang is with the Department of Engineering Scienceivéfsity of demanded to have high isolation between the Tx and
Greenwich, UK.
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Txantenna
f1

communications while mitigating the interferences between
the
LO signal

TABLE-I
SPECIFICATIONS OF THE FULL-DUPLEX ANTENNA

Input signal

f1 Frequency bands ILDJS\ll:/r::lnE:ngGGG’—I:ZZ
******* Moduator__ Amplifer ___ SFF____ . Fractional bandwidths Low-band: 5.0%; high-band: 5.09
L0 signal éxamenna Polarization characteristics Vertical polarization
j 2 Isolation between bands 30dB
Output signal /f% Cross-polarization level -30dB
12 i Gain fluctuation in-bands +0.5dB
Demodulator Amp|i(f;;r BPF Inter-channel gain suppression 20dB
Antenna element size 0.5L x 0.51

Input signal

f1

Rx/Tx channels, two different frequency bands are usually
used in receiving and transmitting modules. Fig. 2 compares
the block diagrams of a conventional separated Rx/Tx systems
i the proposed integrated Rx/Tx system. For the
i conventional system in Fig. 2(a) the Rx and Tx system have
i two independent processing blocks with different frequencies.
|
|
I

Filtering full- .
duplexantenna ! and

fi/f2

Mod{ilator Amplifier

LO signal

One of the disadvantages is that two groups of antennas and
bandpass filters are required to facilitate the full-duplex
operation, which leads to a bulky and complicated RF
frontend at both vehicle side and infrastructure side.

Looking at the block diagram in Fig. 2(b), the Tx antenna
and the Rx antenna are replaced by one single dual-port full-
L duplex antenna, which operatesfhtand f2 simultaneously
Rx channels, high frequency selectivity and goodadttand  while providing a high channel isolation. Furthermore, the
rejection performance so as to avoid the potentigeparate bandpass filters are remoumd the integrated
interferences. Moreover, the economical factor should Higering characteristics of the full-duplex antenna. The size,
taken into consideration as the vehicular communicatiageight, complexity and therefore the cost of the system can be
systems would be massively produc@tis paper focuses on significantly reduced. Such a compact full-duplex antenna is
the RF frontend design for the vehittinfrastructure most suitable for the applications of vehicular communication.
scenario.

To meet thee requirements, the integrated design of Specifications
multifunctional RF frontends is an attractive solution. During The targeted specifications for the full duplex filtering
the past several years, a lot of works that aim at integrating @tenna are listed in Table-l. The antenna works at C-band and
passive components such as filters, power dividers, duplexéh€ central frequencies for the uplink and downlink operations
and antennas into one single device have been repddpd [ are 4.7 and 6.0 GHz, respectively. The fractional bandwidths
[20]. Such integrated designs can effectively reduce tHEBW) for both bands are required to be above 5%. The two
complexity of the RF frontends while providing an improved@peration bands are expected to have consistent vertical
frequency response. However, these works did not full§olarization characteristic#An inter-channel isolation of 30
consider the requirements of full-duplex operation andB between the uplink and downlink is demanded. The
compactness for the future vehicular communicatiohs antennais also required to have a high polarization purity with
address this research gap, this paper proposes a novwl—higthe cross-polarization level lower than -30 dB at both
integrated  fll-duplex Tx/Rx antenna with improved operations. Additionallyaflat gain response (+ 0.5 dB) in the
frequency selectivity, channel isolation and ofiband passbands and high inter-channel gain suppression (20 dB) are
rejection. In addition, two antenna arrays are conceived targeted To further conceive an array antenna, the duplex
enhance the gain. antenna element, including the two feeding/filtering channels,
should be confined in an area of @.% 0.51. These stringent
specifications lead to a number of challenges in the design.

Output signal
f2

Demodulator

Amplifier

(b)
Fig. 2. The block diagrams of (a)raditional separated Rx/Tx system, (t
anintegrated Rx/Tx system.

A RF frontend architecture
To support the full-duplex Rx/Tx operations in vehicular

RFFRONTENDARCHITECTURES ANDSPECIFICATIONS

[ commented [YW3]: This comparison may be an overstateme

As far as | know, most of the full-duplex system is Kig. 2(b).
Fig. 2(a) is rarely used.
Probbaly you should focus on the comparison between adesc

duplexer-antenna and an integrated one.
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TABLE-II

* m-| PARAMETERS OF THE PROPOSED ANTENNA: (MM)
| Ly | | Lp Lg Ls Ws H; H, Hs Wi Lot
! - [+ 176 50 12 09 0813 1 0813 18 635
Le Lu Le Ls Lu Lz L s S

IS 35 6.35 5 23 635 33 1.15 0.4 0.4

D1 D, D3 D4

Lp

——————— uplink and downlink operations. They are joined together by a
| hairpin resonator in the middle. It should be noted that the
r hairpin and the patch are synchronically tunedotoof 5.4

| GHz, which is different from the fand $ of the two filtering
channels. The patch and the feeding structures/resonators
share the same ground plane, which is printed on the top layer
of the bottom substrate. Such configuration not only makes the
design more integrated but also reduce the adverse
interference between the radiation unit and the feeding
structures/resonators. A slot-line etched in the ground plane is
used to enable the electromagnetic coupling between the
hairpin resonator and the patch.

In this work, half wavelength resonators (open-loop and
hairpin) are used. The relationship between the lengths of the
resonators and the resonant frequencies can be approximately
calculated using the following expressiof4][

_%; ' = SN E 075 065 115 06
frequencies (fand $) adopted as the channel filters for the

(@) (b)

S2

L02

-

i
=
D2-»

] . . C 1
T | 2 (Lt b+l = e @
we r

c
Port1, f1 W
r

(© c
— =L,
2: fo\/z

Fig. 3. Conﬁgurat_ion of t_he p_roposed dual-pmft -filiplex antenna 2L 4L~
element: (a) front view, (b) side view and (c) backwwi 01 02
where c is the speed of the light in free spacis, the effective
lll. DUAL-PORTFULL-DUPLEX ANTENNA ELEMENT permittivity. § = 4.7 GHz and.f= 6 GHz are the central
In this section, the structure of the dual-port full-duplegrequencies of the two operations, respectivgly. 5.4 GHz is
antenna element and its operation mechanism are fitge resonant frequency of the hairpin and the patch.
explained by using the couplingopology and the Simulations and optimizations were performed using High
corresponding coupling matrixThen, the approach of Frequency Structural Simulator (HFSS) and the optimized
realizing the full-duplex is illustrated. To further improve thedimensions are presented in Talile-
frequency selectivity and owaf-band rejection, the
implementatiorof non-adjacent cross-coupling is discussed

S1

2:(Ly+ L)+, = @

(©)

B. Topology and coupling matrix

The full-duplex antenna in Fig. 3 can be represented using a
A Configuration coupled-resonator network, as shown in Fig. 4. The circles

Fig. 3 shows the configuration of the proposed dual-porepresent single-mode resonators whereas the lines represent
full-duplex filtering antenna element. It has a stackethe electromagnetic couplings between them. It should be
structure, containing two substrates and a thin Rohacell foarated that the radiating patch (Resonator-1) also serves as a
between them. Viewing from the front, the radiation elemersingle-mode resonator. The proposed duplexing antenna is
is a square patch printed on the top layer of the uppessentially an all-resonator based duplexer with its common
substrate, as shown in Fig. 3(a). The feeding networks and gt a radiator. The hairpin, as the junction resonator, joins the
resonators of the two channels are placed on the bottom lagwe sets of resonators as the channel filters. It replaces the
of the lower substrate, as shown in Fig. 3(c). There are tvikaditional transmission-line based junctions in duplexers. The
sets of open-loop resonators with different resonamatch and the hairpin both resonate at arogn@he coupling



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUEE-CLICK HERE TO EDIT) < 4

m> between tbm is designed to produce two separateross couplings are ignored at this stage. The optimization
resonant modesi(find §) corresponding to the two channelbased synthesis method is used to inversely obtain M from the

frequencies. These resonanceexpected S-parameter responses (e.g. bandwidth and return
losses)22]. For the 5 % low-band centered atf4.7 GHz, 5
% high-band centered at 6 GHz and the return loss of 10 dB,
Resonator-1 . . . .
the following6 x 6 coupling matrix M is found,
Mia
0 0.2546 0 0 0 0
mss mas 0.2546 O 0.0586 0 0.0603 O
Resonator-3 f1 fo f2 ) Resonator-5
M = 0 00586 —02377 0.0405 0 0
-  resonatora™ <. . | o 0 00405 -02466 0 0
VZ \\ 0 0.0603 0 0 0.2356 0.0411
Resonator-4 Resonator-6 0 0 0 0 0.0411 02476
where M represents thele-normalized coupling coefficient
1 7 between the resonator i and resonatdrhie external quality

Fig. 4. The topology of the proposed full-duplex antennahe form of factors that represent the coupling between the port P1 and
coupled resonators. Resonator-4 and between the port P2 and Resonator-& are Q
=334 and Q= 344. From the patch to the free space, this is

are coupled to the two filtering channels vig @nd ms. A Qe1=8.7. These are all obtained together with the M matrix.

six-resonator (or six-pole) duplexis formed (including the

one-pole from the patch radiator) and each channel is desigied Resonator-coupled dual-band patch antenna

to havea 3-order filtering characteristic. It should be noted As can be observed in the coupling matrix, strong coupling
that cross-couplings between non-adjacent resonators @k, = 0.2546) exists between the patch and the hairpin
deliberately introduced between the resonator-2 and thgsonator. This strong coupling helps to achieve the dual-band
resonator4 (resonator-6), as indicated by the dash line in Figmpedance matching at the two designated operation bands
4. Theseare used to produce transmission zeros for improvinghile maintaining a consistent radiation polarization. Fig. 5
the isolation between the two channels and abttand ijllustrates the configuration of the proposed resonator-coupled
rejection, which will be discussed later. In the topology of Fighatch antenndJsing full-wave simulation, the ratio of the two

4, three types of resonators with different resonant frequencigsnds ¢/ f;) as the function of the length of the slas)is

(fo, f1 and §) are integrated together, leading to a very compagbtained and presented in Fig. 6. By adjustisgnd therefore
device. the coupling strength between
The abovementioned couplingsj nsan be contained in a

single coupling matrix [in that describes the three-port

network in Fig. 4. This matrix is linked to the better-known S-

parameters of the network via a normalized matrix 24 [

[A=[dq+dU]-jm] @

where [U] is an identity matrix, [m] is the normaizcoupling
matrix. [q] is a diagonal matrix with only three non-zero
elements [q]=1/ge; (i = 1, 4, 6) in this case, wherg; s the
normalised external quality factor from the port attached to the
i-th resonator. In the case of Fig. the ‘port’ attached to
resonator-1 (the patch) is equivalent to the free space..$o, q
is essentially the coupling from the patch to the free space.
The scattering parameters of the network can be expressed as

e

le.4 e,6

The transmission coefficients can be expressed similarly as
in [22]. But theseare less relevant in this case as the antenna
‘port” is not physically measurable. In the real frequency
domain, the external quality factors and the coupling matrix
can be found by = g /FBWand M = m; x FBW To guide
the initial design in this work, the coupling matrix M is
synthesized for the topology in Fig. 4. For simplicity, the weak
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Port
Fig. 5. Configuration of the dual-band hairpin-freémtenna.

5
=
A

1.34
1
1.24 I 4 L
1.14 Port1
(a) b) (

Fig. 7. Two configurations of S8order band-pass filters with differen
+ + + + + + + + + . layouts: (a) cascaded, Type-|, (b) adopted in thisge TypeH.
5 6 7 8 9 10 11 12 13 14 15
Ls (mm) 04

[N}

f2/f1

1.0

Fig. 6. The frequency ratio,(ff,) of the dual-band antenna in Fig. 5 as

function of the length of the sldts. 104
the patch and the resonator, the frequency ratiof{f of the 204
dual-band patch antenna can be tuned. Wiseis 6 mm, the &
two resonant frequencies are very close to each othiefi & S 304
1.07). The frequency ratio increases to more than 1.3% as ﬁ
increases to 14 mm. It should be noted that the width of t 404
slot has a similar effect on the two resonant frequencies, whi

is not presented here for brevity. To achieve the two frequen 504
bands of 4.7 and.6 GHz in this design (frequency ratio is

1.28),Ls is found to be 12 mm. 60

) 40 42 44 46 48 50 52 54 56
D. Cross-coupling Frequency (GHz)
Usually, the isolation t;etwgen the two qulexmg Chfanne Fig. 8. Comparison of transmission responses between theamdpéss
can be enhanced by using higher order filters, but this Wiiters in Fig. 7.
increase the volume and insertion loss of the device. Here,
3d-order filtering channels are adopted. To further improv 20-
the isolation and outf-band rejection of the duplexing
filtering antenna while maintaining a compact size, cros 20 — - = Ld=3mm
i i i Y1 oS — - —Ld=4.5mm
couplings between non-adjacent resonators are introducec - N, -
" . " —— Ld=6mm
generate additional transmission zeros. To illustrate tt
concept, two configurations ofd3order bandpass filters with
different layouts are compared. As shown in Fig. 7(a), the fir_. = 0 - Soa
one is a cascaded layout, denoted Type-I. Fig. 7(b) shows thegg=> & compy Fé.S_ D the two
layout adopted in this work (Type-I), where cross coupling igaiftipasslers/if Fig = - mission zeros at 4.18 and
introduced between resonator 1 and 3. 5.22 601 GNz{ / 4 observed for

40 4

o
=2

-704

-80 : : Bl T T
4.4 46 48 5.0 5.2

Frequency (GHz)
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Fig. 10. Simulated current distribution: (a) Port 1 excdati4.7 GHz, (b) Filtering power dividing |
Port 2 excitation, 6 GHz. network
the Type-II filter, which contributes to the improved frequenc ®)

Fig. 11. Configurations of the two 2 x 2 full-duplartenna arrays: (a)
Array-l, with a 3%oder filtering response and a traditional quarte
wavelength transformer feeding netwpghb) Array-II, with a 4"-order
filtering response and a novel filtering power diviglinetwork.Ds = 36
mm,TL1 = 8.6 mm,TL2 = 6.8 mm, Twl = 1 mm, Tw2 = 1mm.

selectivity and oubf-band rejection. Compared with the
Type-I filter, the attenuation at 4.2 GHz (5.2 GHz) is increase
from 35 dB (26 dB) to 50 dB (42 dB). When the cros:
coupling configuration is used in the duplexing antenn
design, the isolation between the two channels can

improved without increasing its footprint. Fig. 9 shows the Sqimilar current distribution but with a shorter path can be seen.
(isolation) between the two channels/ports as a function of tiig eyigent that the antenna works at its fundamental mode
locations of the hairpin resonator, measureddjyn the inset  (1yo1) for both frequencies (channels). As a result, the full-

of Fig. 9. This locatioris used to tune the cross coupling. Ity niey antenna has the consistent radiation and polarization
can be seen that the transmission zeros move to IOW§[5 acteristics at the two operation bands.

frequency asd increases

E. Current distribution

Fig. 10 shows the simulated current distribution on the IV. FULL-DUPLEX ANTENNA ARRAY
patch of the proposed dual-port full-duplex antenna. When To increase the channel capacities of the Tx/Rx devices,
Port 1 is excited at 4.7 GHz, as shown in Fig. 10(a), thespecially for the RSUs, array antennas are always desired in
current on the patch is symmetric but its path is slightlthe applications. Thanks to the compact size of the proposed

distorted around the slot line. The extended current path legds-duplex element in Fig. :{less than 0.5 X), ]it is very [c°mmented [YW4]: or equal to ?

to an operation frequency lower than the patch’s intrinsic  suitable to expand to an array. In this section, two full-duplex
resonance. When Port 2 is excited at 6 GHz, as shown in Fig.x 2 arrays with different feedsna different orders of
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filtering are presented.

104
g °
Output-1 ¥ Output-2 )
.+ P —_— £
:H 2 L: 501
= T -
N -
Ld < ]Z_.v ‘T 20+
24
- --Port 1, Array-1
301 —— Port 1, Array-ll
Input N = -Port 2, Array-|
—— Port 2, Array-Il
Fig. 12 Configuration of the 2-way filtering power dividingetwork in -40 —T ——T T ——T T ——TT
Array-ll. Ld = 6.8 mmWd = 0.45 mm, S = 0.35 mm. 4.0 4.2 44 46 4.8 50 52 5.4 56 58 6.0 6.2 6.4 6.6
Frequency (GHz)
Fig. 14. Comparison of the simulated gains between AremdlArray-II.
0
N . . . N
! LAy shown in Fig. 11(b). Different from the Array-l, the quarter
10+ 4..' wavelength transformers are replaced vathesonator-based
g R power dividing network. An enlarged view of it is shown in
£ 201 - Fig. 12 The input power is coupled directly from the feed line
g to two open loop resonatows$ f1 andf2, respectively. Each of
g -304 theseresonators is then coupled to a channel of the duplexing
& antenna element without using any impedance transformers
-401 Such an integrated design increases the orders of the filtering
hannels from 4 with increasing its size. A resul
.50 4 =+ - Sl1-Array-I; —— S11-Array-lIl; ;:h a f els from 3 to thout |"1: easing Itst.s 'te bs ad e.zltjht’
S12-Array-I S12-Array-Il the frequency responses such as selectivity, bandwidths,
" - .. - S22-Array-l; —— S22-Array-lI; isolations and outf-band rejection can be improved.
- T T T T T T T
44 46 48 50 58 6.0 62 64 C. Filtering and harmonics suppression
Frequency (GHz . .
) ) . quency (GHz) Fig. 13 compares the simulated S-parameters of the two
Fig. 13. Comparison of simulated S-parameters between the two array
antennas. proposed array antennas. As can be observed, both array
antennas have a good impedance matching and isolation
erformance at the two operation channels. For Array-l, there
A Aray-l P P y

are three reflection zeros at each band, exhibai3g-order

Fig. 11(a) shows the configuration and feeding networks ffering function. The bandwidths of the low- and high-band
the first dual-port full-duplex antenna array, donated as Arrayre 250 MHz and 300 MHz, respectively. The isolations
I. It is based on the antenna element presented in Fig. patween them are 30 dB and 28 dB. As for Atlayfour
Because the two channels share the same aperture (patch)dfigction zeros can be identified at each operation channel
spacing between the radiation elements is a trade-off betweg{ additional reflection zero results from the integrated
the efficiency and side-lobe level at the two operation bancfﬁtering power dividing network. Thereforea 4™-order
The spacing is chosen to s = 36 mm(?2 JOC 20 Hz). filtering response is achieved. Compared with that of Array-I,

The feeding networks for the two operation bands atfe bandwidths, frequency selectivity and the isolations of the
designed separately. Port 1 is assigned to feed the low-baqgay-Il are all improved. The bandwidths of the low- and
operation, whereas Port 2 is used for the high-band. TRgjh-band operations are increased to 280 MHz and 350 MHz.
conventional 4-way power dividers with quarter wavelengtiThe isolations at the low- and high-band are improved by 6 dB
transformers are used. The width of fiteQ feed lines is 1.8 and 4 dB, respectively. It should also be noted that Array-II
mm. For the low-band operation, the length and width of thexhibits a sharper roll-off at both edges of the two bands,
transformer ardL1 = 8.6 mm and Twk 1 mm, respectively which is beneficial to the frequency selectivity
For the high-band operation, the length and width areL2  Fig. 14 compares the simulated gain responses of the two
6.8 mmand Tw2 =1 mm. array antennas at both operation bands. It is observed that the
B. Arrayl two antennas show a similar and flat gain curve within the

To further increase the order of the channels and therefgr%SSbands’ but different oof-band responses. The Array-|

the frequency selectivity of the full-duplex array, another array
is proposed based on a filtering power-dividing network, as
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Fig. 16 Prototype of the proposed dual-port full-duplex ante element:
30 (a) front-view, (b) back-view.
T T T T T T T T )
4 5 6 7 8 9 10 11 12 13 0 -
Frequency (GHz) 1
-104 ]
Fig. 15. Simulated antenna gains of Ariayver a broadband. WAts
o204
with the higher order filtering showssharper roll-off at the Z_3OA i
band edges and higher aftband rejection than that of the £
Array-1. For Arraydl, there are two clear nulls just outside the g -40 4
passbands, resulting in a rapid reduction of the gain, especially g-soA ;
0

for the low-band operation. At 4.4 andd85Hz (6% beyond
the central frequency), the gain of Array-Il is reduced by more 604 et S
- -+ -Sll-simulated,—— S11-measured;

than 15 dB. Furthermore, the inter-channel rejections of the | S12.cimuiated. — S12measured.
Array-Il have been improved by 10 dB (low-band) and 4 dB - .. - S22-simulated —— S22-measured:
(high-band) as compared with Array-I 80 +———————————

Another noticeable feature of the duplex antenna arrays is 44 46 48 50 52 54 56 58 60 6.2 64 66

the broadband harmonics suppression. Fig. 15 shows the Frequency (GHz)

simulated gain curves of the Array-Il over a broadband when Fi9- I7- Simulated and measured S-parameters of the proposeglaiua
. . full-duplex antenna element.

the two ports are excited, respectively. As can be observed, thi

antenna has an excellent aftband rejection performance

with the higher order harmonics significantly suppressed over 10+
a wideband up to 13 GHz. For the low-band operation (port 1
excitation), the gains at the harmonics are suppressed by mor 04
than 22 dB. When the port 2 is excited, the gains at the =
harmonics are reduced by over 25 dB. T -104
< 209
V. RESULTSAND DISCUSSION % :
The proposed full-duplex antenna element and the two array ¢ 30 . )
antennas (Array-I and 1) were prototyped and measured to / . = -Port1, simulated
. . A -+ - Port 2, simulated
verify the design concepts. -40 4 g — Port 1, measured
A Full-duplex filtering antenna element sl N N B ‘_‘P"’“ Z'Vmea‘S“re‘d
Fig. 16 shows the front and back view of the full-duplex 44 46 4.8 50 52 54 56 58 6.0 6.2 6.4 66
antenna element prototype. The reflection coefficients at the Frequency (GHz)

two ports and the isolation between them are measured aniFig. 18. Simulated and measured gain of the full-duptgenna element.
presented in Fig. 17The measured results match very well

with the simulations, showing two operation bands from 4.58 Fig. 18 shows the simulated and measured realized gains of
to 4.82 GHz (FBW = 5.1%) and 5.87 to 6.2 GHz (FBW =he dual-port full-duplex antenna element when the two ports
5.8%) for uplink and downlink. At both bands, the antennare excited, respectively. As can be observed, the measured
exhibits a 3d-order filtering characteristics with a goodgains agree well with the simulations. When port 1 is excited
frequency selectivity. Out of the bands, the antenna also shoff@v-band operation), the antenna has a flat gain of abdut

a favorable rejection performance with the return loss close @8i from 4.6 to 4.8 GHz. The antenna also exhibits excellent
zera The antenna element has an excellent isolation of ovigequency selectivity with the gain rapidly reduced to below -
30 dB at both bands as indicated hy. S 20 dBi as the frequency decreases to 4.38 GHz or increases to
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(b) (b)
Fig. 19. Simulated and measured normalized radiation patterthe déill- Fig. 20. Simulated and measured normalized radiation pattéhe dull-
duplex antenna element at 4.7 GHz (port 1 isites): (a) p=0°, (b) duplex antenna element@6GHz (port 2 is excited): (a)=0°, (b) p=90°.

©=90°.

ver 30 dB ing = 0° and¢ = 90° planes. It should be noted

5.08 GHz. The gain is suppressed by more than 30 dB at ?ﬂgt the discre e i e

; . . : pancies in the backward radiation are caused by
high-band (6 GHz)When the port 2 is excited (high-bandy,q apsorber used to mount the antenna in the chamber.
operation), the antenna has a flat gain of about 8 dBi from

5.88 to 6.18 GHz. The gain is significantly suppressed # Full-duplexantenna arrays
below -25 dBi at around 6 GHz, which is 33 dB lower than The two dual-port full-duplex antenna arrays (Array-1 and
that of in-band. The minor discrepancies between th#) were also prototyped and displayed in Fig. 21. The two
simulations and measurements are attributed to tlerays have the same top layer but different bottom lafags
measurement sensitivity. 22 shows the simulated and measured S-parameters of the
The simulated and measured normalized radiation pattefigay-l. As can be seen, the simulated and measured S-
of the full-duplex antenna element at 4.7 GHz are presentedPrameters agree well with each other with three identifiable
Fig. 19. The measurements and simulations agree very wiplesin both operation band&or the low-band operation, the
with each other, showing the maximum radiation in thanténna has a bandwidth from 4.57 to 4.82 GHz. When port 2
broadside direction. The antenna also exhibits a very pd%excned, the antenna works from 5.86 to 6.2 GHz. Between
polarization performance with the meagsliceoss polarization the two operation bands (ports), the antenna achieves a high
discrimination (XPD) over 3@B in ¢ = 0° (E-plane) andp = isolation with the measurecd:Sower than -30 and28.5 dB at

90 (H-plane) planes. r tivel the low- and high-band, respectively
(. -plane) planes, respec ely. Fig. 23 shows the simulated and measured S-parameters of
Fig. 20 shows the normalized simulated and measureg

L9 e Array-Il. As expected and different from Array-I, Array-
radiation pgtterng of the full-duplex ellementl6aGHz when exhibits 4"-order filtering characteristics for both operations
the port 2 is excited and the port 1 is terminated witf)50

load A b th ¢ h imil diati " with four reflection zeros in each band. The increased order
0ad As can be seen, the antenna has similar radiation pattefRs, i1 in wider bandwidths, higher isolation and sharper roll-
as those in the low-band operatiothe measured XPD are
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> &« i " Fig. 24. The simulated and measured antenna gain of Array-II.
(b) E-plane - -+ - co-,simulated
Fig. 21. The front- and back-view tfie full-duplex antenna arrays: (a 0 - -+ - cross-,simulated
Array-1, (b) Array-II. 0+ .30 30— co-,measured
——— Cross-,measured
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0 g 204
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o © -40490 90
S g
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Fig. 22. Simulated and measured S-parameters of thesgdrrayt. 0+ 39 co-,measured
~——— cross-,measured
-10 9
04 - ~ @ 20 -60 60
1 £ 304
10 o . S
% ) E -40-90 90
0 -20 S -304
Q
S 30+ 2 207129 g R 120
g— -10 ’
%)
401 04 -150 150
; / i i ‘ ' ; -180
50 =+ - Sll-simulated; —— S11-measured;
S12-simulated; S12-measured; (b)
60 I -522-'simulate'd; — 822-r'neasur'ed; Fig. 25. Simulated and measured normalized radiatidterpa of the
4.4 46 4.8 5.0 58 6.0 62 6.4 proposed Array-Il at 4.7 GHz (port 1 is excited):¢ap°, (b) ¢=90°.
Frequency (GHz)
Fig. 23. Simulated and measured S-parameters of thesgdrray-II. the low-band is oveB3 dB for the measurement. When the

antenna works at the high-band, a bandwidth from 5.85 to 6.22
off at the edges of the bands. For the low-band operationGaiz is obtained. The isolation in this band is higher than 32
bandwidth from 4.58 to 4.86 GHz is achieved. The isolation uiB.
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TABLE-III
E-plane - .+ - co-,simulated COMPARISON OF THE PROPOSED FULL-DUPLEX ANTENNAS
0 =+ - cross-,simulated Order  Bandwidth Isolation Inter-channel gain
0- .30 30—co-,measured Antennas of (low-/high-  (low-/high-  suppression (low-
—— cross-,measured proposed channel band) band) /high-band)
-10 4
s 3.
& -20 -60 60 Element ...~ 51%/5.4% 32dB/30dB 30dB /36dB
2 .
£ -304 Array-| 3 5.3%/5.7% 30dB /28dB -
S oder
o -4090 90 .
% 301 Amay-ll o 6.0%/6.1% 35dB /33dB 26dB /38dB
£
o -204 .
z -120 120 28 and 27dB in Eplane (¢ = 0° and Hplane (¢ = 909),
-104 respectively.
0J -150 150 Fig. 26 presents the normalized radiation patterns of the
-180 Array-Il at 6 GHz (high-band operation) when port 2 is
excitedand port 1 is terminated with a 50 Q load. As can be
@ observed, the antenna shows the expected radiation patterns
. - co-simulated with the maximum radiation also in the broadside. However,
H-plane  — " - cross- simulated the main beam is narrower than that of the low-band operation
o- 0 _co_'méasured due to the largeelectrical size of the aperturat the higher
30 cross-,measured frequency The measured XPD of the array are a@dB and
-104 32dB ing = 0°ande = 90° planes, respectively.

The results of the three dual-port full-duplex antennas are
summarized in Table-Ill for comparison. The comparigon
focused on the filtering orders of the channel, bandwidths,
isolation and inter-channel gain suppression. It can be seen

Normalized gain (dBi)
A
2

°0 90 that the element and Array-I have similar bandwidths whereas
-30 the bandwidth of the Array-Il is slightly increased due to the
20 higher order filtering channe(g"™-order versus'3-order). The
-120 120 isolation of the Array-Il at the low- and high-band are 35 and
-10 4 33 dB, which is an increase of 5 dB compared with the Array-
0J -150 150 I. The results achieved have met the specifications in Table-I.
-180
(b) VI. CONCLUSION

Fig. 26. Simulated and measured normalized radiatidterpa of the

proposed Array-Il at 6.0 GHz (port 2 is excited):¢ay’, (b) ¢=90". In this paper, a novel dual-port highly integrated full-duplex

antenna/array with filtering characteristics were exploited to

) . . . meet the operation scenarios of the vehicular communication
Fig. 24 shows the simulated and measured realized gainssgfy integrated RF frontend could significantly reduce the

the duplexing Arrayi. (For brevity, the gains and theqyme and cost of the Tx/Rx modules by combining the Rx

radiation patterns of Arrajare not presented in this paper.);ng Tx antennas and removing the separate bandpass filters of

The measured results agree reasonably well with thes ransceiver. The concept and design methods for achieving

simulations. For the low-band operation, the antenna exhibji%, f||-duplex antenna element and arrays were detailed. The

a flat gain about 10.2 dBi from 4.6 to 4.82 GHz. At around Rycpnjcal contributions also include the generation of the
GHz (high-band operation), the gain is reduced to beld@ -Lgitional transmission zeros, which improve tneband
dBi, which is more tha@5 dB lower than that in-bandFor the frequency selectivity and owtf-band rejection. Another

high-band operation, the antenna has a flat gain of 12.5 dBantage of this integrated filtering duplex antenna is the
from 5.88 t0 6.2 GHz. filegain is suppressed to belo@2-dB  remoyal of the transmission-line based interfaces and the
at around 4.7 GHz. It should also be noted that there are ty\Qses associated with them. The measured results verified the
nulls at both sides of each passbands, which lead to sharp rgllsign concepts, showing the excellent performance in terms
off at the edges of the two bands and therefore the |mprov§p bandwidths, isolation, radiation pattems, gains and

frequency selectivity harmonics suppression.
The simulated and measured normalized radiation patterns

of the other full-duplex antenna array (Array-Il) at the low-
band are presented in Fig. 25. The measurements ang
simulations agree well with each other. The antenna shows
good radiation characteristics in= 0° and¢ = 90° planes.

The measured cross polarization discrimination (XPD) is over
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